• Egr1 haploinsufficiency in cooperation with reduced Tp53 activity accelerates the development of hematologic disease in mice.
Introduction
Therapy-related myeloid neoplasms (t-MNs) are a late complication of cytotoxic therapy, typically for a primary malignant disease. A deletion of the long arm of chromosome 5, del(5q), or loss or deletion of chromosome 7, is frequently noted in bone marrow (BM) cells of patients with t-MN after alkylating agent therapy, implicating loss of function of tumor suppressor genes in the pathogenesis of this disease. [1] [2] [3] The identification of the involved gene(s) on chromosome 5 has been challenging, in large part because the deletions are extensive, on the order of $70 Mb, and homozygous deletions have not been identified. 4, 5 However, a number of genes and several micro RNAs (miRNAs) located on 5q, including RPS14, miRNA-145, miRNA-146a, early growth response 1 gene (EGR1), the adenomatous polyposis coli gene (APC), CTNNA1, HSPA9, and DIAPH1, have been implicated in the development of myeloid disorders caused by a gene dosage effect. 3, 6 Together, these studies support a haploinsufficiency model in which loss of a single allele of more than one gene on 5q act in concert to alter hematopoiesis, promote self-renewal of hematopoietic stem and progenitor cells (HSPCs), induce apoptosis of hematopoietic cells, and disrupt differentiation.
To identify leukemia-related genes on chromosome 5, we previously delineated a 970 kb commonly deleted segment (CDS) of 5q31.2 that is deleted in all patients with acute myeloid leukemia (AML) or t-MN examined. 5 This is distinct from the CDS within 5q33.1 that contains RPS14, miR-145, and miRNA-146a, and is associated with myelodysplastic syndromes (MDSs) with an isolated del(5q) (the 5q syndrome). 6, 7 We used a candidate gene approach to identify EGR1 within the CDS of 5q31.2, as a haploinsufficient myeloid suppressor gene that cooperates with mutations induced by alkylating agents to induce myeloid leukemias in the mouse. 8 In other studies, we demonstrated that APC is a critical regulator of hematopoiesis. 9 APC is located at 5q22.2, which is outside the CDS, but nonetheless deleted in greater than 95% of patients with a del(5q). Moreover, we showed that Apc haploinsufficient mice (Apc del/1 ) are compromised in reconstituting hematopoiesis after transplantation and develop a severe macrocytic anemia with monocytosis, reminiscent of the early stages of t-MN, that develops significantly faster when mice are also haploinsufficient for Egr1 or Tp53.
mitosis via control of spindle orientation and chromosome segregation, as well as cell migration. 15 A growing body of evidence suggests that haploinsufficiency of genes on chromosome 5 cooperate with alterations of additional genes in the pathogenesis and progression of t-MN. 3 Strikingly, loss of TP53 activity is strongly associated with t-MN with a del(5q) (with up to 80% of cases in some series), and the spectrum of TP53 mutations includes missense mutations in exons 4 to 8, as well as loss of the wild-type (WT) allele, typically as a result of a cytogenetic abnormality of 17p. 3, 16 Moreover, the results of a recent study suggest that rare preexisting clones of HSCs with TP53 mutations provide a selective growth advantage after cytotoxic therapy, and that the acquisition of additional genetic changes (ie, del[5q] or other cytogenetic abnormalities) are required for leukemic transformation. 17 The TP53 tumor suppressor plays a crucial role in response to various cellular stress conditions by inducing the transcription of numerous genes controlling cell cycle arrest and apoptotic cell death.
18 TP53 is also involved in the maintenance of stem cell self-renewal. Loss of Tp53 in a mouse model has been shown to promote AML by enabling aberrant self-renewal of HSCs. 19, 20 To model the del(5q) in mice, we used genetically engineered mice and gene knockdown strategies to examine haploinsufficiency of 2 del(5q) genes, EGR1, and APC, and of a third gene, TP53, involved in t-MN with a del(5q). Our initial studies revealed that reduction or loss of Tp53 expression in combination with Egr1 haploinsufficiency increases the rate of development of hematologic neoplasms, and influences the spectrum of diseases, suggesting cooperation between the Egr1 and Tp53 pathways. Nonetheless, none of these mice developed overt myeloid leukemia, even after administration of the alkylating agent, N-ethyl-N-nitrosourea (ENU). Next, we modeled cell intrinsic loss of Tp53 in HSPCs haploinsufficient for both Egr1 and Apc, and we demonstrated that concordant loss of these 3 genes creates an environment with genetic instability that is permissive for the development of AML in mice, thereby establishing a mouse model for t-MN with a del(5q). with Mx1-Cre transgenic mice, 24 and they were injected with polyinosinicpolycytidylic acid (3 injections at 10 mg/kg GE Healthcare, Pittsburgh, PA) when mice were 2 months old, as previously described. 11 In the ENU study, mice were bred on an Apc fl/1 (WT) background, and ENU was administered at 100 mg/kg, 1-month post-polyinosinic-polycytidylic acid. In the transplantation study, BM cells from Egr1 1/2 , Apc del/1 , and control mice were transduced with either Tp53 or Luc (control) short hairpin (shRNA) (provided by S. Lowe, Memorial Sloan-Kettering Cancer Center), and ;3 3 10 6 cells were transplanted by retro-orbital injection into lethally irradiated (8.6 Gy) C57BL/6 mice.
Peripheral blood analyses and histology
A complete blood count from heart blood was determined with a Hemavet 950 counter (CDC Technologies, Oxford, CT). All organs were recovered, fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned at 4-5 mm, and stained with hematoxylin and eosin or immunostained to detect myeloperoxidase for histologic examination by a hematopathologist (J.A.). Peripheral blood, BM aspirates, and spleen touch preparations were stained with Wright-Giemsa. Spleen sections were immunostained with antibodies specific for myeloperoxidase and detected with alkaline phosphatase.
Flow cytometric analysis
Single-cell suspensions of BM and spleen were stained with fluorochromeconjugated antibodies specific for CD71, Ter119, Gr-1, CD11b (Mac-1), CD19, immunoglobulin M (IgM), CD4, and CD8 (BD Biosciences, San Jose, CA). T-cell lymphomas were identified by the presence of massive thymic enlargement with increased volume and weight of the normal gland, and detection of the CD4 and CD8 T cell markers. Flow cytometry was performed on a FACSCanto or LSRFortessa (BD Biosciences), and data were analyzed with the FlowJo software (Tree Star, Inc., Ashland, OR).
Statistical analysis
Survival times (time to euthanasia) were estimated by the Kaplan-Meier method and compared between groups via log rank tests. A Fisher's exact test was used to compare the incidence of disease phenotype between 2 groups (eg, percent T lymphomas in Tp53 2/2 vs Egr1 1/2 , Tp53 2/2 mice).
Results
Egr1 haploinsufficiency shortens disease latency and influences the spectrum of disease in Tp53 suggesting that Egr1 haploinsufficiency cooperates with Tp53 loss in vivo to accelerate disease development ( Figure 1A ). Consistent with previous studies, 21, 22 Tp53 null mice developed both T-cell lymphomas and/or soft tissue sarcomas ( Figure 1B ). Loss of 1 allele of Egr1 slightly increased the incidence of T-cell lymphomas in the Tp53 null background; however, this did not reach statistical significance. The CD4 and CD8 immunophenotype of all T lymphomas is provided in supplemental Table 1 , available on the Blood Web site.
Compared with Tp53 null mice, Tp53 heterozygous mice develop a larger spectrum of cancers at a later age, including lymphomas, soft tissue sarcomas, osteosarcomas, and more rare histiocytic sarcomas of monocyte/macrophage origin. 21, 25, 26 To examine loss of a single allele of Tp53 (as this may occur due to chromosomal alterations) in Mouse cohorts shown in Table 1 (and Figure 2) were bred on an Apc fl/1 (WT) background; the study was terminated at ;500 days. The Apc fl/1 (WT) mice, as with the Egr1 1/1 (WT) mice, have been backcrossed to C57BL/6. *In comparison with the cohort presented in Figure 1 , there were more Tp53 1/2 and Egr1 1/2 , Tp53 1/2 "alive" mice because the study was ended at an earlier time point.
Consequently, no osteosarcomas or histiocytic sarcomas were observed because they occurred at later time points. †Two Egr1
, Tp53 1/2 mice were euthanized due to internal bleeding, and 1 died of unknown causes. ‡One ENU-Tp53 1/2 mouse was euthanized due to hind leg paralysis, and 1 developed a CD19 an Egr1 haploinsufficient background, we generated Egr1 Figure 1C ). However, there were notable differences in the frequency of diseases that developed ( Figure 1D ). First, there was a significant difference in the number of mice that developed lymphomas; 26% We previously showed that Egr1 1/2 mice do not develop disease, but when treated with the alkylating agent, ENU, almost half of the 
8 Using a new cohort of mice in this study, the median survival of ENU-treated Egr1 1/2 mice (475 days) was significantly different than ENU-treated WT mice (median not reached by 586 days; P 5 .02) (Figure 2A ). In addition, 53% Figure 2B ). Similar to our previously published characterization, 8 mice presented with severe splenomegaly, a dramatic increase in erythropoiesis, elevated white blood cell counts, anemia, and thrombocytopenia, and atypical/ dysplastic neutrophils (supplemental Table 2 ; data not shown). The remaining mice died predominantly of T lymphomas and soft tissue sarcomas (Table 1) Figure 2C ). The majority of ENU-treated Egr1 1/2 , Tp53 1/2 mice developed T-cell lymphomas (13 of 18; 72%) ( Figure 2D ). In comparison with non-ENU-treated mice, T-cell lymphomas were increased in Tp53 1/2 mice (P 5 .067) and were significantly increased in Egr1 1/2 , Tp53 1/2 mice (P , .0005) after ENU treatment ( Figure 2D ). The remaining mice died predominantly of soft tissue sarcomas (Table 1) . Thus, ENU treatment in Tp53 1/2 and Egr1 1/2 , Tp53 1/2 mice accelerates disease onset, and shifts the disease toward a T-cell phenotype. Given that t-MN patients with a del(5q) have haploinsufficient expression of EGR1 and often have mutations and/or loss of TP53, we evaluated whether there was evidence of myelodysplasia or myeloid leukemia in mice with this combination of lesions, with or without treatment with ENU. The analysis of myeloid markers showed that none of the mice that developed T-cell lymphomas and/ or soft tissue sarcomas had an accompanying myeloproliferation or myeloid malignancy (supplemental Tables 2 and 3 ). Many of these mice displayed splenomegaly due to panhyperplasia or erythroid hyperplasia (data not shown). However, we observed histiocytic sarcomas, a myeloid-derived neoplasm, only in Egr1 1/2 , Tp53 mice (non-ENU-treated mice). Interestingly, 1 of these mice had atypical/dysplastic megakaryocytes throughout the spleen and BM (supplemental Figure 1) , raising the possibility that atypical expression of Egr1 and Tp53 may create conditions when combined with further genetic abnormalities that are conducive to the development of trilineage dysplasia, commonly seen in patients with t-MN characterized by a del(5q).
Cell intrinsic Egr1 and Apc haploinsufficiency cooperate with Tp53 loss to induce AML
As noted earlier, MDS and t-MN with a del(5q) are associated with TP53 loss or mutation, and patients with MDS with an isolated del(5q) harboring TP53 mutations have a higher risk of progressing to AML. 16, [28] [29] [30] Because Tp53-null mice have a very strong preponderance to develop T-cell lymphomas, we used another approach to disrupt Tp53 function in the context of Egr1 and Apc haploinsufficiency, namely retroviral transduction-transplantation, an approach that has been used successfully to model myeloid leukemia in mice. Specifically, we used a Tp53 shRNA to knockdown expression of Tp53 in WT; Egr1 1/2 ; Apc del/1 ; and Egr1 1/2 , Apc del/1 BM cells, and transplanted them into lethally irradiated C57BL/6 WT recipients ( Table 2) . Loss of Tp53 expression in combination with Egr1 or Apc haploinsufficiency was not sufficient for myeloid leukemia development. These mice developed only T-cell malignancies (supplemental Table 4 Figure 3 ). Both mice exhibited an elevated white blood cell count with anemia and thrombocytopenia, as well as splenomegaly, with an effacement of the normal splenic architecture ( Table 3 ). The first mouse (1586) developed an acute myelomonocytic leukemia at 234 days, with increased monoblasts (.20%) and monocytes, with some differentiation toward granulocytes in the blood, BM, and spleen ( Figure 3A) . The neoplastic cells in the spleen expressed KIT, Gr-1, CD11b, and F4/80 ( Figure 3B ). The second mouse (4525) developed a CD19
1 AML at 299 days, with .20%
primitive blasts and a notable absence of mature granulocytes in the blood, BM, and spleen, suggesting there was a block in myeloid differentiation ( Figure 3A) . In the spleen, there was an enrichment of immature blasts that were predominantly Gr1 2 , KIT 1 , CD19 1 , and IgM 2 , and had a high mitotic rate ( Figure 3B ). Although a hallmark of B-cell neoplasms, CD19 has been observed in myeloid malignancies in human patients. 31, 32 To confirm that mouse 4525 developed an AML, we demonstrated that spleen cells were positive for myeloperoxidase, a myeloid-specific marker ( Figure 3A) .
In both mice, nonhematopoietic tissues, such as the liver, were infiltrated with malignant cells, with greater infiltration observed in mouse 1586. The leukemia was lethal when transplanted into secondary recipients. Recipient mice transplanted with 4525 spleen cells succumbed to disease quickly within 40 to 57 days. Within the time frame examined (247 days), 1 in 4 recipient mice transplanted with 1586 spleen cells developed disease within 111 days (Table 3) . Secondary transplanted mice displayed a phenotype similar to the primary leukemia (Table 4 ). To determine whether the myeloid leukemias acquired clonal chromosomal abnormalities, we performed spectral karyotype analysis. We detected abnormal clones with structural rearrangements in both AMLs, indicating that the development of AML requires the acquisition of additional alterations. The primary AML in mouse 1586 was characterized by a t(7;17) and in mouse 4525 was characterized by a hyperdiploid karyotype and a t(6;12); related clones with evolution were noted in the secondary transplanted leukemias (Table 5 , supplemental Figure 2 ). The karyotype of mouse 4525 lends further evidence that it developed an AML, which expresses the CD19 (Table 5 ). To our knowledge, a mouse counterpart to human B-cell precursor acute lymphoblastic leukemia with hyperdiploidy has not been described.
The Tp53 shRNA construct contains GFP under the control of a SV40 promoter, and GFP can be used as a surrogate marker to estimate the proportion of the cell population with Tp53 knockdown. In the blood, there was a steady increase in GFP 1 cells;
approximately one-third of cells were GFP 1 50 and 130 days posttransplant in mouse 1586 and 4525, respectively ( Figure 3C ). When mice became moribund, GFP positivity in the blood was 40% and 67%, in the spleen it was 80% and 75%,and in the BM it was 97% and 96% for mouse 4525 and 1586, respectively ( Figure 3C,D) . We performed real-time PCR analysis of GFP 1 sorted BM cells prior to transplantation, and spleen cells isolated from moribund mice with AML. This data revealed that the Tp53 shRNA effectively knocked down expression of Tp53 by ;90% prior to transplantation; in AML cells, Tp53 expression was decreased by 70% to 90% ( Figure 3E ). One explanation for the development of AML in only 17% of mice is that Tp53 was not knocked down in the remaining transplanted mice that did not develop myeloid neoplasms. To exclude this possibility, we used real-time PCR and showed that Tp53 expression was suppressed in most of the other mice transplanted with Egr1
BM transduced with Tp53 shRNA (supplemental Figure 3) . Another possible explanation for the low frequency of leukemia is that loss of the remaining Apc or Egr1 WT allele is required for disease development, as is the case for the Smad, Lkb, and Pten heterozygous knockout mice. [33] [34] [35] To examine this possibility, we compared Egr1 and Apc expression in leukemia cells from both mice to a control (Luc) transplant, and showed that these mice have similar levels of Apc expression, but slightly lower Egr1 expression. To determine whether the remaining Egr1 allele acquired a mutation affecting expression or function, we sequenced Egr1 transcripts from GFP 1 sorted spleen 
; however, no mutations were found in the coding sequence of Egr1 in either mouse (data not shown).
Because chromosomal deletions and translocations are the typical outcome of aberrantly repaired double-strand breaks (DSBs), the abnormal karyotype observed in the 2 AMLs suggests that the "3 hits" (ie, haploinsufficiency of Egr1 and Apc with Tp53 knockdown) create an environment that is permissive for genetic instability, leading to malignant transformation in some mice. To explore this hypothesis, we examined whether the AMLs have a differential DNA damage response to irradiation as assessed by g-H2AX foci, a quantitative DSB biomarker ( Figure 4A) . 36 We enumerated the percent of g-H2AX-positive cells (Figure 4B ), as well as the distribution of the number of foci ( Figure 4C ), from 0 to 12 hours postirradiation (2 Gy). Compared with WT control cells, both myeloid leukemias demonstrated an increase in the percentage of cells that are g-H2AX positive at 6 and 12 hours, suggesting that both leukemias are less efficient at repairing DSBs after irradiation. Additionally, enumeration of the number of foci per cell suggested that an increased number of DSBs persist in these cells. These data, together with the structural rearrangements observed in both AMLs, support our hypothesis that concordant haploinsufficiency of Egr1 and Apc with Tp53 loss creates an environment with genetic instability.
Discussion
The t-MN with a del(5q) is characterized by a complex karyotype, TP53 loss or mutations, and a poor prognosis with early progression of MDS to leukemia, resistance to treatment, and short survival (median survival, 6 months).
1,2 We and others have sought to identify the genes on chromosome 5 that contribute to myeloid neoplasia, and our group has previously shown that EGR1 and APC are key haploinsufficient genes on 5q. 8, 9, 11 Recently, using a mouse model, we extended our work and demonstrated that haploinsufficiency of Egr1 and Apc cooperate, resulting in a macrocytic anemia with monocytosis and features of t-MDS. 10 Herein, we build on these recent findings. To explore the nature of cooperativity between 2 genes deregulated in t-MN patients with a del(5q) (ie, EGR1 and TP53), we used genetically engineered mice and demonstrated that reduction or loss of Tp53 expression in combination with Egr1 haploinsufficiency increases the rate of development of hematologic neoplasms and influence the spectrum of diseases. First, Egr1 , Tp53 1/2 mice were less likely to develop T-cell lymphomas and more prone to developing histiocytic sarcomas (monocytic origin) and osteosarcomas (mesenchymal origin). Although these data suggested cooperation between the Egr1 and Tp53 pathways, none of the mice developed overt myeloid leukemia. Thus, we extended our studies to explore whether deregulated expression of an additional 5q gene, APC, was required for overt myeloid leukemia development. Herein, we establish a mouse model of t-MN with a del(5q), and show that concordant loss of Tp53 in Egr1 and Apc haploinsufficient HSPCs creates a genetically unstable environment that is permissive for the development of AML in mice. Recent studies of the molecular pathogenesis of MDS with an isolated del(5q) (the 5q syndrome) have provided intriguing insights into the role of haploinsufficiency for cooperating genes on 5q and TP53 in the disease process. That is, TP53 activation (via stabilization) caused by haploinsufficiency for the ribosomal gene, RPS14, is the probable cause of the erythroid defect, whereas haploinsufficiency of the miR-145 and miR-146a genes may contribute to the thrombocytosis characteristic of this disease. In contrast, the acquisition of inactivating mutations of TP53 appears to play a role in progression of the disease to AML. 37, 38 The hypothesis that multiple genes on 5q cooperate with TP53 mutations in the pathogenesis of MDS and AML arising from MDS is supported by several recent reports of candidate gene analysis and whole genome sequencing of BM cells from MDS patients. [28] [29] [30] These studies confirm that TP53 mutations frequently co-occur with a del(5q) and tend not to occur with other gene mutations (67% of MDS patients with TP53 mutations had no point mutations in the other 93 candidate genes tested). Our study extends these findings and tests this hypothesis directly in vivo by demonstrating cooperation of del(5q) genes and aberrant Tp53 activity in a mouse model of t-MN. Although loss of Tp53 plays a role in apoptosis and genetic instability, only mice with cell-intrinsic haploinsufficient loss of both Egr1 and Apc, in addition to Tp53 knockdown, developed AML in our model. These myeloid leukemias occurred at a low penetrance and with a long latency, suggesting that additional cooperating genetic events may have been required for full transformation. Moreover, we cannot exclude a possible requirement for viral transduction, as the Tp53-specific shRNA was delivered by retroviral infection.
Chromosomal translocations are infrequently found in mouse models of AML, which typically have numerical abnormalities. At the present time, we do not know the significance of the t(7;17) or t(6;12) that we observed in the AMLs in our model. However, the observation of translocations in both AMLs strongly suggests that there was increased genetic instability and a defect in DNA repair. The increased frequency of gH2AX foci, a biomarker of DNA DSBs, after irradiation of cells from both AMLs, also supports this hypothesis (Figure 4) . The chromosome 17 breakpoint region in the t(7;17)(F1;D) is syntenic to a segment of human 5q, raising the possibility that the translocation deregulates the homologs of genes on 5q. Similarly, the chromosome 6 breakpoint region in the t(6;12)(D;F1), observed in mouse 4525 with a CD19
1 AML, has homology to the distal short arm of human chromosome 12, which contains several potential oncogenes and tumor suppressor genes, such as KRAS, ETV6, and CDKN1B.
In myeloid neoplasms with a del(5q), we propose that the combined EGR1 and/or APC haploinsufficiency and TP53 mutations in HSCs fosters a more penetrant phenotype, possibly due to an acquired resistance to apoptosis and increased genetic instability. Whether the recurring chromosomal abnormalities characteristic of t-MN, such as del(5q) and 27/del(7q), represent the initiating event is of considerable interest. Recent results from high-throughput genome sequencing studies shed light on this question. These studies suggest that t-MN arises from preexisting clones of HSCs with TP53 mutations that have a selective growth advantage after chemotherapy and/or radiotherapy, and that leukemic transformation requires the acquisition of additional genetic mutations. 17 This process may be further influenced by modifications to the BM microenvironment, as there is extensive evidence that altered function of the BM microenvironment is also involved in disease pathogenesis. 10, 39, 40 There is precedence for the concept that aberrant Apc and Tp53 levels cooperatively contribute to genomic instability. Precise lineage-specific doses of WNT signaling (likely disrupted in Apc del/1 hematopoietic cells) are required for normal hematopoietic development, 41 and aberrant b-catenin activity is linked to genomic instability in hematopoietic malignancies. [42] [43] [44] Most recently, the Gounari Laboratory showed that aberrant activity of b-catenin promotes genomic instability by enabling survival of thymocytes with damaged DNA, whereas compromising DSB repair, resulting in T-cell malignancies. 44 Moreover, in other models with only moderately upregulated b-catenin, additional loss of Tp53 was required for lymphoma development. 45 Together with our results, these data raise the possibility that the additional loss of Egr1 (a direct transcriptional regulator of Tp53) in t-MNs may be required to promote genomic instability in myeloid progenitors with aberrant Apc and Tp53 expression.
Over the past decade, several groups of investigators have sought to model myeloid neoplasms with a del(5q) by generating mice that are hemizygous for some of the putative haploinsufficient myeloid suppressor genes on 5q. However, most of these models led to aberrations in myeloid differentiation without clonal dominance, and none have led to the development of AML. 3 For example, ENU-treated Egr1 1/2 mice developed an MPD with ineffective erythropoiesis, 8 a small percentage of Diaph1 1/2 mice developed some myeloproliferative defects only at a very advanced age (;450 days), 46 and haploinsufficiency of the Cd74-Nid67 interval in mice, containing the Rps14 gene and modeling MDS with an isolated del(5q), caused macrocytic anemia, prominent erythroid dysplasia, and monolobulated megakaryocytes. 47 Our study identifies the first genes on 5q, whereby haploinsufficiency leads to AML. We recognize that additional haploinsufficient genes on 5q, as well as alterations to the BM microenvironment, may contribute to the development of disease. Furthermore, it is possible that the critical cooperating del(5q) genes vary from patient to patient depending on additional mutations in genes, such as TP53, TET2, DNMT3A, or SRSF2. As the identification of the critical pathways leading to t-MN with a del(5q) have long been confounded by the loss of multiple genes on chromosome 5, our data provides a crucial first step in identifying therapeutic targets in this very aggressive disease.
